Introduction
We have previously shown that the rate of infectious disease admissions was related to the type of vaccine Danish children most recently had received. The live MMR-vaccine against measles, mumps, and rubella as the most recent was associated with reduced rate of infectious disease admissions compared with the inactivated DTaP-IPV-Hib-vaccine against diphtheria, tetanus, pertussis (acellular), polio, and Haemophilus influenzae type b [1] . The association was particularly strong for lower respiratory tract infections. This finding supports evidence from randomized trials in low-income countries that live vaccines like measles vaccine have non-specific beneficial effects on the immune system by reducing infectious disease mortality more than expected from prevention of measles infections [2] [3] [4] . It has been proposed that non-specific effects of vaccines could be related to crossprotective antibodies or trained innate immunity [2, 4, 5] .
The sequence and combination of vaccines may be very important for the magnitude and direction of the overall mortality and morbidity effects. Observational studies from low-income countries have found that compared with measles vaccine alone simultaneous administration (i.e. vaccination at the same visit) of the live measles vaccine and the inactivated DTP-vaccine against diphtheria, tetanus, and pertussis might be associated with higher mortality [6] [7] [8] . If the combination of live and inactivated vaccines has negative health effects compared with the live vaccine alone, it could have important consequences for health also in high-income countries. Some countries like Germany and Latvia administer MMR together with DTaP-IPV-Hib [9] . In the USA, MMR is recommended between 12 and 15 months of age as are several inactivated vaccines [10] . In countries that do not recommend simultaneous administration of live and inactivated vaccines many children receive the vaccines at the same visit if coming late for vaccinations.
In the present nationwide register based cohort study we tested the hypothesis that compared with MMR administered alone, simultaneous administration of MMR and DTaP-IPV-Hib is associated with higher rate of infectious disease admissions among Danish children aged 15 months to 4 years.
Methods
In Denmark all residents are assigned a unique personal identification number and are registered with date of birth and whereabouts in the Danish Civil Registration System [11] enabling identification of the study cohort. We included children who were born in Denmark between 1 January 1997 and 30 April 2006 and who were alive and living in Denmark at 15 months of age; further inclusion criteria are displayed in Fig. 1 . The included cohort was recommended three doses of the DTaP-IPV-Hib vaccine at 3, 5, and 12 months of age and MMR at 15 months of age. The MMR vaccine consisted of Enders Edmonston, Jeryl Linn, and Wistar RA 27/3. Furthermore, three doses of oral polio vaccine (OPV) were recommended at 2, 3, and 4 years of age until 1 July 2001, thus it was mainly the birth cohorts 1997-1999 who had received OPV. The seven-valent pneumococcal conjugate vaccine was introduced on 1 October 2006; children born after 30 April 2006 were recommended a catch-up program and were not included in the present study [12] .
All national Danish registries record the unique personal identification number [13] making it possible to retrieve additional information about the cohort as described below. The study was approved by the Danish Data Protection Agency.
Vaccinations
In Denmark, all recommended childhood vaccinations are administered free-of-charge by the general practitioners. For the purpose of reimbursement, vaccination information is reported to the Danish National Health Service Register [14] . Before 1997, all vaccines were registered on the personal identification number of the parents, but thereafter they were reported on the child's own personal registration number. Some childhood vaccines were still registered on parents (3.4%), but we have assigned such vaccines to the child who was closest to the recommended age for that vaccine.
Infectious disease hospital admissions
The Danish National Patient Register contains information about discharge diagnoses, which are coded according to the tenth revision of the International Classification of Diseases [15] . We identified date of admission and discharge for all inpatient contacts with a primary or secondary discharge diagnosis of any infection as previously described [1] and also given in Supplemental Table 1 . In Denmark, emergency departments are rarely used for infectious diseases, because primary care service is available for 24 h, seven days a week to deal with infectious diseases [16] . As primary care has limited diagnostic tools like acute blood tests and X-rays, children with severe infections are usually admitted to the free-ofcharge hospitals' paediatric wards for further diagnostics and monitoring; the mildest cases are often discharged the same day.
Other register based information
From the Danish National Patient Register we also obtained information on previous admissions, emergency room visits due to accidents and chronic diseases coded according to Kristensen et al. [17] . We defined inclusion and follow-up with information on births, deaths, and emigration from the Danish Civil Registration System which also contain information about a child's parents, siblings, and household [11] . Information about maternal smoking during pregnancy, mode of delivery, birth weight, and gestational age was obtained from the Danish Medical Birth Register [18] . Information on household equivalence income [19] , and maternal education [20] was obtained from Statistics Denmark.
Follow-up
We started follow-up at 15 months of age, when MMR was recommended, or from the date when a child received the first dose of either DTaP-IPV-Hib or MMR if it occurred after 15 months of age. The children were followed until the earliest of the following events: 4 years of age, administration of other vaccines than DTaP-IPV-Hib1-3 or MMR1, death, migration, unknown whereabouts for the Danish authorities, uncertain vaccine allocation, or end of the study on 1 January 2009.
Factors related to receiving vaccines out-of-sequence may also be related to the risk of admissions for infectious diseases. Therefore, we defined a subgroup of children, the ''DTaP-IPV-Hib-2-sub group", who had been compliant with the vaccination program up to DTaP-IPV-Hib-2, and then subsequently received vaccines out-of-sequence -either simultaneous MMR and DTaP-IPV-Hib3 or MMR alone instead of the recommended DTaP-IPV-Hib3 alone. We redid some of the analyses in the ''DTaP-IPV-Hib-2-subgroup" to minimise the risk of bias related to out-of-sequence vaccination.
Statistical methods
We used Cox regression to estimate the incidence rate ratios (IRRs) and 95% CIs of infectious disease hospital admissions according to the most recent vaccine by including vaccination status as a time-varying variable. This means that the children changed vaccination group at the date of vaccination. The main comparison was between simultaneous MMR and DTaP-IPV-Hib vs. MMR alone as most recent vaccine, but we also compared simultaneous MMR and DTaP-IPV-Hib vs. DTaP-IPV-Hib alone as most recent vaccine and DTaP-IPV-Hib alone vs. MMR alone as most recent vaccine. The assumption of proportional hazards between simultaneous MMR and DTaP-IPV-Hib and MMR alone was evaluated by Schoenfeld residuals, and no violations were detected. We used age as the underlying timescale and stratified by date of birth (day, month, and year) to control completely for any effect of age, season, and calendar year. All infectious disease admissions were included, so children may contribute with several admissions. However, several admissions within a short time period could be related to the same infection, therefore we defined admissions occurring within 14 days after a previous discharge as the same episode. Accordingly, person time during admission and 14 days after discharge was not included in the count of person years. To account for recurrent admissions for infections, we used the Andersen-Gill model, where the main assumption is, that the effects of covariates on the intensity (incidence rate) for events, is similar for the first event, second event and so forth. Notably, we employ a Markov version of the Andersen-Gill model because we assume that time since previous events does not affect the intensity of future events in our model [21] . We performed both unadjusted and adjusted analyses in Stata 13.
We performed the analyses separately according to type of infection, duration of admission, and age groups. Furthermore, we examined whether the association between vaccination status and admissions with infections differed according to determinants of simultaneous MMR and DTaP-IPV-Hib and tested for homogeneity with Wald test statistics.
Sensitivity analyses
We performed a number of sensitivity analyses further described in supplemental methods.
Negative control outcome
We do not believe vaccination status is causally related to emergency room visits due to unintentional accidents and would not expect any association. Therefore, we performed an analysis with emergency room visits due to unintentional accidents as negative control outcome [22] to examine if differential health seeking behaviour could explain any association between vaccination status and infectious disease admissions.
Results

Inclusion and censoring
The study included 520,859 children (Fig. 1) ; the majority were followed from age 15 months, but 1991 (0.4%) received their first vaccine after 15 months of age and were followed from the date of the first vaccination. Follow-up ended at age 4 years (N = 305,802; 58.7%), administration of other vaccines than MMR1 and DTaP-IPV-Hib (mainly OPV) (N = 140,554; 27.0%), 1 January 2009 (N = 72,022; 13.8%), migration (N = 2274; 0.4%), death (N = 144; 0.0%), unknown whereabouts for the Danish authorities (N = 50; 0.0%), and uncertain vaccine allocation for twins or triplets (N = 13; 0.0%).
The vaccination history of the children is presented in Fig. 2 . The MMR group consisted mainly of children who followed the recommended schedule and first received three doses of DTaP-IPV-Hib and later MMR. The group receiving simultaneous MMR and DTaP-IPV-Hib consisted mainly of children who received MMR and DTaP-IPV-Hib3 simultaneously.
56,560 children were included in the ''DTaP-IPV-Hib-2-sub group" receiving either MMR alone (N = 51,256; 90.6%) or simultaneous MMR and DTaP-IPV-Hib3 (N = 5304; 9.4%) after DTaP-IPVHib2.
Determinants of vaccination
By 2 years of age, most children had reached their final vaccination group; 4965 children had simultaneous MMR and DTaP-IPVHib (1.0%), 411,518 had MMR alone (83.7%) and 74,959 had DTaP-IPV-Hib alone (15.3%) as the most recent vaccine. The distribution of background factors according to the most recent vaccine at 2 years of age are given in Table 1 .
Hospital admissions due to infectious diseases
The study included 71,766 infectious disease admissions during 1,119,757 person-years at risk (rate, 6.4 admissions per 100 person-years). The rates of admissions according to vaccination history are given in Fig. 2 . The rate of infectious disease admissions declined with age for all three vaccine groups (Supplemental Fig. 1 ).
Compared with MMR alone, simultaneous administration of MMR and DTaP-IPV-Hib was associated with a higher rate of infectious disease admissions for all children (adjusted IRR, 1.07; 95% CI, 1.00-1.15; Table 2a ). The estimate was the same in the ''DTaP-IPVHib-2-subgroup" (adjusted IRR, 1.07; 95% CI, 0.98-1.16; Table 2b ).
For all children, comparing simultaneous MMR and DTaP-IPVHib with DTaP-IPV-Hib alone there was no difference (adjusted IRR, 0.95; 95% CI, 0.89-1.02; p, 0.166).
Type of infection, duration of admission, age groups and interactions
The rate of admission for lower respiratory tract infections was significantly higher for simultaneous MMR and DTaP-IPV-Hib compared with MMR alone for all children (adjusted IRR, 1.27; 95% CI, 1.13-1.42; Table 3a ) and in the ''DTaP-IPV-Hib-2-subgroup" (adjusted IRR, 1.22; 95% CI, 1.05-1.42; Table 3b ). There were no significant differences between the two vaccine groups for any other types of infections (Table 3a and b). 26,621 admissions lasted less than one day (37.1%). IRRs comparing simultaneous MMR and DTaP-IPV-Hib with MMR alone as most recent vaccine were similar irrespective of duration of admission, both when considering admissions with any type of infection (Supplemental Table 2a ) or only admissions with lower respiratory tract infections (Supplemental Table 2b ).
Effect estimates for any infection and for lower respiratory tract infections were similar in all age groups during follow-up (Supplemental Table 3a and b) .
Interactions were only examined in relation to admissions due to lower respiratory tract infections as this was the only type of infection with significant association to simultaneous administration of MMR and DTaP-IPV-Hib. The association between simultaneous administration of MMR and DTaP-IPV-Hib and admissions with lower respiratory tract infections was significantly stronger for children who had been admitted with infections before 15 months of age (IRR = 1.59; 95% CI, 1.35-1.87) compared with those not admitted (IRR = 1.13; 95% CI, 0.96-1.34; Supplemental Table 4 ). The association was also significantly stronger for children of mothers with an educational level above vocational training (IRR = 1.61; 95% CI, 1.32-1.95) compared with children of less educated mothers (IRR = 1.14; 95% CI, 0.98-1.31; Supplemental Table 4 ). The association was stronger for children from highincome households (IRR = 1.56; 95% CI, 1.30-1.87) compared with low-income households (IRR = 1.11; 95% CI, 0.95-1.30; Supplemental Table 4 ). Furthermore, the association was only present in children from areas with less than 2000 inhabitants per km 2 (IRR = 1.36; 95% CI, 1.19-1.55) compared with areas with more inhabitants (IRR = 1.03; 95% CI, 0.80-1.31; Supplemental Table 4 ).
Sensitivity analyses
None of the sensitivity analyses altered the results considerably as further described in Supplemental results.
Negative control outcome
There was no difference in the rate of emergency room visits due to accidents for children who had simultaneous MMR and DTaP-IPV-Hib compared with MMR alone (adjusted IRR, 1.00; 95% CI, 0.95-1.04; Table 4 ). 
Discussion
The rate of hospital admissions related to infectious diseases was higher when the most recent vaccination was simultaneous MMR and DTaP-IPV-Hib compared with MMR alone as the most recent vaccine. This was due to a higher rate of lower respiratory tract infections, but not other types of infections. There was no difference in the rate of hospital admission for any infectious disease or for lower respiratory tract infections when comparing simultaneous MMR and DTaP-IPV-Hib with DTaP-IPV-Hib alone.
The present study included all children born in Denmark and follow-up was nearly complete due to the high quality of the Danish population based registries [11] . We believe that the vaccination information is reliable because it was reported by general practitioners for reimbursement purposes, but we cannot exclude some underreporting [23] .
Several issues indicate that bias is unlikely to explain the association between simultaneous administration of MMR and DTaP-IPV-Hib and admissions due to lower respiratory tract infections. First, we took several steps to minimize confounding. We adjusted for a long range of potential confounders including complete adjustment for age. However, there might be other factors associated both with lack of compliance with the recommended vaccination schedule and infectious disease admissions which we had no information about. Therefore, we performed a separate analysis for the ''DTaP-IPV-Hib-2-subgroup" of children who received vaccines out-of-sequence after DTaP-IPV-Hib2 and found a similar association. There were however still marked differences in Abbreviations: IRR, incidence rate ratio; CI, confidence interval; DTaP-IPV-Hib, vaccination against diphtheria, tetanus, pertussis (acellular), polio, and Haemophilus influenzae type b; MMR, vaccination against measles, mumps, and rubella. a Cox proportional hazards model with age as underlying time and stratified by date of birth thereby controlling for season. b Cox proportional hazards model with age as underlying time, stratified by date of birth and adjusted for mother smoking during pregnancy, sex, birth weight, gestational age, caesarean section, chronic diseases, number of infectious disease admissions before 15 months of age, admitted to hospital for any cause within the last 30 days, maternal age at birth of the child, highest educational level for the female adult in the household, parental place of birth, adults in the household, income quintiles for the household, other children in the household, and population density. c Children who have received DTaP-IPV-Hib1 and DTaP-IPV-Hib2 previously and thereafter either simultaneous MMR and DTaP-IPV-Hib3 or MMR alone. background factors between those who received MMR alone and those who received simultaneous MMR and DTaP-IPV-Hib3 within this subgroup. This might be related to underreporting of DTaP-IPV-Hib-3 leading to some children being included in the ''DTaP-I PV-Hib-2-subgroup" although they have received DTaP-IPV-Hib-3. Such children would only be eligible to receive MMR, while children truly delayed on DTaP-IPV-Hib-3 would be eligible to receive MMR and DTaP-IPV-Hib-3 simultaneously. If this should influence the results delay on DTaP-IPV-Hib-3 should be related to some health or other background factor, which is not already captured by the many background factors we adjust for. Second, the association was only observed for admissions with lower respiratory tract infections, but not for other infectious disease groups. It is difficult to imagine a confounder or other social, economic, cultural or health bias, which would lead to simultaneous administration of MMR and DTaP-IPV-Hib being associated with higher admission rates due to lower respiratory tract infections, but not with other types of infections. Third, it is unlikely that the results could be explained by differences in health seeking behaviour, as vaccination status was not related to emergency room visits due to unintentional accidents. Similar results have been observed in other settings. A randomized trial from Guinea-Bissau showed detrimental effects of simultaneous administration of DTP, OPV, and measles vaccine compared with OPV and measles vaccine alone on ''febrile disease with vesicular rash" reported by the mother (IRR, 1.86; 95% CI, 1.00-3.47); this trial also found a tendency toward increased risk of hospital admission for any cause (IRR, 1.70; 95% CI, 0.70-4.07) [24] . Several observational studies from low-income countries have found detrimental effects on mortality and admissions with simultaneous administration of live measles vaccine and inactivated DTP vaccine [6] [7] [8] [25] [26] [27] . Previous studies, including a randomized trial, have shown that measles vaccine has the strongest effects related to the prevention of admissions for lower respiratory tract infections [1, 28, 29] .
The biological mechanisms explaining the present findings have not been determined, but the non-specific effects of vaccines have been linked to both heterologous immunity due to cross-reactive T-and B-cell epitopes and training of the innate immune system [2, 4, 5, 30] . For example, the live Bacille Calmette-Guerin vaccine can induce epigenetic changes which reprograms monocytes to enhanced protection against unrelated pathogens [31] . It is unknown whether simultaneous administration of MMR and DTaP-IPV-Hib may neutralise the beneficial effect of MMR vaccine for lower respiratory tract infections or DTaP-IPV-Hib increases susceptibility to pathogens of the lower respiratory tract.
Vaccination schedules have been designed based on studies of specific immune responses [32] , and assessment of specific vaccine efficacy and not on studies of impact on overall morbidity and mortality [33] . Vaccines are often administered together due to convenience and to achieve higher vaccination coverage. However, in the context of herd immunity toward the targeted diseases it might also affect the overall health of children as suggested by the present study. WHO's Strategic Advisory Group of Experts on immunization (SAGE) has stated that further research into nonspecific effects of vaccines are warranted and particularly recommend randomized trials [34] . The present study suggests that in countries where the vaccination schedule includes simultaneous administration of MMR and DTaP-IPV-Hib it would be important to test the recommended schedule against a schedule with MMR administered after DTaP-IPV-Hib. However, additional observational studies are also needed to examine non-specific effects in other settings and to help optimize the design of subsequent randomized trials.
Conclusions
As hypothesized, simultaneous administration of MMR and DTaP-IPV-Hib vaccine was associated with a higher rate of infectious disease admissions compared with MMR alone as the most recent vaccine. The association was only significant for lower respiratory tract infections, but not for other types of infections. Even though it might be convenient to administer vaccines together, it may have negative effects on the overall health of children compared with the live vaccine alone in the context of herd immunity to the targeted diseases. This needs to be examined further in observational studies and randomized trials.
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